Maize (Zea mays) seedlings were exposed to elevated atmospheric pressures while growing in moist sand in open plastic envelopes to evaluate the effects of directly applied atmospheric pressure on ethylene production and root growth. Effects were evaluated after 24 h. The threshold pressures necessary to promote ethylene production and decrease root elongation were about 600 and 400 kPa, respectively. Direct atmospheric pressure, at levels up to 300 kPa, mimicked the control decrease in root diameter and increased diameter only slightly at 500 to 1200 kPa. In contrast, in previous work it was shown that physical impedance resulting from compression of the growth medium by external application of 100 kPa increased the ethylene production rate 4-fold and the root diameter 7-fold while reducing elongation 75% in 10 h. The relative insensitivity of roots to direct atmospheric pressure suggests that they perceive physical impedance, achieved experimentally by compressing the growth medium, via a surface mechanism rather than via a pressure-sensing mechanism.
The involvement of ethylene in the inhibition of elongation and the promotion of radial enlargement (swelling) in maize (Zea mays) roots exposed to mechanical impedance has been demonstrated (8) . In this experimental system, pressure was applied externally to the growth medium ('soil') surrounding the growing tissues, without altering the atmospheric pressure within the growth medium. Subsequent work showed that 1-aminocyclopropane-1-carboxylic acid oxidase, 1-aminocyclopropane-1-carboxylic acid synthase, and N-malonyltransferase respond rapidly to the impedance stress (9) ; however, the question of how the mechanical stimulus is perceived and transduced into increased ethylene production remains unanswered. We now report results of an indirect approach to address the question of the perception of physical impedance. We have determined the effect of pressurizing the whole system in contrast with applying an extemal pressure to the growth medium (8 
MATERIALS AND METHODS
Maize seeds (Zea mays L. cv Tx 5855) were surface sterilized in 1% NaOCl for 10 min, rinsed, and soaked under running water overnight before planting in vermiculite wet to saturation with i0-M CaCl2 solution. After 48 h in the dark, seedlings selected for uniform root length (30 ± 2 mm) were transferred to plexiglass boxes (20 x 30 cm) the covers of which were marked with a 1-mm grid to allow monitoring of the root elongation rate for 10 h. After this period, seedlings were selected for uniformity in root elongation rate (2.0 ± 0.2 mm/h). Individual seedlings were placed in sand (particle size <2 mm) in tissue culture bags provided with five pockets. Three such bags (i.e. 15 seedlings) were used for each treatment in each experiment. The bags were placed on test tube racks for vertical support, and the racks were placed inside pressure plates (7) . The pressure plate apparatus, which served as a chamber, was sealed and pressurized with breathing air (20.9% 02) for 24 h. Each pressure treatment was applied to a separate pressure plate. Seedlings treated identically but with no elevation of pressure above atmospheric represented the controls. After 24 h, the pressure was released and seedlings were used for either growth measurement or ethylene production measurement.
Root diameter was measured 5 mm behind the root tip under a microscope equipped with an ocular micrometer. Root length was measured on a millimeter grid under a stereoscopic microscope. Ethylene was determined by incubating five seedlings in a 20-mL test tube for 3 h in the dark and then transferring 1 mL by syringe from the gas phase into a gas chromatograph (Beckman 72-5) equipped with an activated alumina column and a flame ionization detector. All seedling handling operations were performed under a dim green light (maximum transmission at 525 nm and negligible transmission at <475 or >575 nm, maximum irradiance 3.5 x 10-3 j.m-2.s). Data are means of at least three experiments.
RESULTS
The ethylene production rate in control seedlings was on the order of 40 pmol seedling-' h-' (Fig. 1) . Pressures up to 400 kPa had little or no effect on this rate; production increased first at 800 kPa. Higher pressures increased the Applied pressure (kPal102) Figure 1 . Effect of elevated atmospheric pressure for 24 h on the rate of ethylene production during the next 3 h at atmospheric pressure. Data ± SD are averages for five seedlings per sample from three separate experiments. The curve is a regression line calculated from the data.
ethylene production rate, which peaked at 1300 kPa and declined rapidly at higher pressures. Root elongation decreased quite linearly over the range of pressures tested (Fig.  2 ). However, a significant reduction in root elongation was observed only at 400 kPa or higher pressures. Roots from control seedlings typically became thinner after 24 h (Fig. 3) . Application of pressures up to 300 kPa did not alter this trend; however, higher pressures, from 500 to 1200 kPa, resulted in a very slight increase in diameter above control roots.
Seedlings were examined after pressure treatments, and no physical injury such as surface wounds, discoloration of tissue, or leaking of fluid was evident. Seedlings left in the sand in the envelopes for several days survived and developed normally. Thus, although the highest pressure treatments were severe, they apparently did not cause extensive cellular collapse or death. Applied pressure (kPa-10-2) 
DISCUSSION
The pressure plate chambers were several liters in volume and contained only 15 seedlings in sand, which remained moist throughout the experiment. Thus, although effects of gas partial pressure and water potential differences cannot be totally eliminated, the major variable clearly was the large differences in pressure applied. The difference between subjecting an entire plant to elevated pressure versus compressing its growing medium with extemally applied pressure is the focus of this report. Both approaches employed intact, germinating seedlings. For reference, 100 kPa equals 1 bar and 1000 kPa equals 1 MPa.
Pressures of 25 to 50 kPa will induce substantial ethylene production (8) and/or modification of plant tissue growth (1, 4, 6) , provided the plant tissue itself is kept at atmospheric pressure and only the growth medium is pressurized. In such studies, elevated pressure compacted the growth medium ('soil') around seedlings, thereby increasing resistance to growth. In contrast, the present study showed that the amount of pressure required to promote substantial ethylene production and modify the primary root-growth pattem was much higher when the whole system (plant and soil) was under elevated atmospheric pressure, which did not compress the medium and which, therefore, did not increase the resistance to growth. Significant enhancement of ethylene production did not occur until the pressure reached 800 kPa, and it peaked at 1300 kPa (Fig. 1) . The exact threshold for elevation of ethylene production may be between 400 and 800 kPa. Significant reduction of root elongation rate occurred only at 400 kPa, and 800 kPa were necessary to achieve a 50% reduction in elongation after 24 h (Fig. 2) . At low atmospheric pressures (0-300 kPa), the normal small reduction in root diameter occurred, whereas a slight increase in diameter occurred at pressures from 500 to 1500 kPa (Fig.  3) . In contrast, when the tissue was kept at atmospheric pressure and only the growth medium was pressurized extemally, 100 kPa was enough to induce a 4-fold increase in ethylene production rate, a 7-fold increase in root diameter, and a 75% reduction in root elongation over 10 h (8) .
If the mechanism by which primary roots and shoots sense normal contact pressures, such as barriers or impedances to growth, involves processes sensitive to atmospheric pressure, we would expect to see sensitive responses to atmospheric pressures in the present experiments. However, the atmospheric pressures necessary to duplicate the effects of physical pressure or impedance at the surface of the growing tissues are at least 30 times higher. Thus, it is likely that the physical interaction between the plant root and shoot surfaces and the growing medium is part of the sequence of events that leads to a modified growth pattern under mechanical impedance. Likewise, it is unlikely that this mechanism is also sensitive to atmospheric pressure per se. It appears that this physical interaction, possibly localized in or near exterior cells, is the initial event involved in the perception of the mechanical stimulus.
Another way to evaluate the data presented here is in relation to the fact that plants and other organisms are naturally exposed directly to elevated hydrostatic pressures in aqueous environments such as ocean depths (2) . Homeoviscous adaptation, involving the alteration of membrane lipid composition, occurs in response to increasing pressure (5) . The site of high hydrostatic pressure injury to cells is the plasma membrane (3) . If the lower levels of pressure employed here (Figs. 1-3 ) impact the cell membranes, then the peak in ethylene production at 1300 kPa may represent a membrane property change, presumably throughout the organism. In contrast, in the physical impedance experiments the stress should occur initially or primarily at the organ surface (8, 9) . Thus, the pressure differences between the two kinds of experiments are not directly comparable; however, the magnitudes involved are interesting. We found that a direct pressure of 1300 kPa promoted ethylene production and inhibited root elongation (Figs. 1 and 2) ; tissue culture cells of Bromus inermis survived pressure from 25 to 100 MPa if treated with ABA (10), and 17.2 to 69 MPa induced membrane lipid compositional changes in a marine bacterium (5) . Because compressing the growth medium with 25 kPa of pressure has significant effects on production of ethylene and elongation of roots (8) , such treatment is clearly distinguished from those that require 10-fold (Figs. 1 and 2 ) to 1000-fold (5, 10) higher levels of pressure applied directly.
